The new low-band gap copolymers containing electron-accepting thienoisoindigo (TIDG) exhibit the low-lying lowest unoccupied molecular orbital (LUMO) at -3.8 eV. This envisions their use as n-type polymer in combination with typical p-type regioregular poly(3-hexylthiophene) (P3HT) towards all-polymer organic photovoltaics (OPV). The alternating fluorene and TIDG copolymer, PFTIDG, shows the electronic absorption maximum at 744 nm in the film states, of which spectrum is complementary to that of P3HT and thus advantageous for covering the wide solar spectrum. The laser and Xe-flash time-resolved microwave conductivity (TRMC) evaluations were performed for screening the effects of p/n blend ratio and thermal annealing in bulk heterojunction framework. The power conversion efficiency of 0.06% was obtained for pre-annealed P3HT:PFTIDG = 1:1 together with a high open circuit voltage of 0.92 V, which is suggestive of ambipolar characteristics of PFTIDG. keywords: bulk heterojunction, organic photovoltaics, low-bandgap polymer, microwave conductivity
Introduction
Solution-processible printable OPVs have been expected as a promising alternative to costly inorganic counterparts. [1] [2] [3] [4] The power conversion efficiencies (PCE) of OPVs continue to be boosted up progressively and reached over 10%. 5, 6) However, it is still lower than the strict criteria for commercialization to substitute the inorganic ones represented by crystalline and poly-crystalline silicon solar cells so far. Improving the PCE requires the simultaneous optimization in well-matched energy levels, electronic absorption, and miscibility between the p and n-type semiconductors, together with sophisticated device physics. [7] [8] [9] [10] Low band gap polymers are also particularly important in this context because of their feasibility to cover the broad range of wavelength including near-infrared (NIR) and IR regions of the solar spectrum. Many p-type copolymers mixed with fullerene derivatives represented by [6, 6] -phenyl-C 61 -butyric acid methyl ester (PCBM) have been reported for OPVs. On the contrary, n-type copolymers, of which the electronic absorption properties are superior to fullerenes, are limited, because they have difficulties in accepting and transporting electrons in comparison with PCBM. To date, fluorene-benzothiadiazole (F8TBT), 11, 12) perylene -bisimide (PDI), 13) naphthalenebisimide (NDI), [14] [15] [16] [17] and cyano-(p-phenylenevinylene) (CN-PPV), 18, 19) dicyanofluorene, 20) bithiazole-benzo thiadiazole, 21) and diketopyrrolopyrrole-based polymers, 22) have been investigated for this purpose, and the highest PCEs of all-polymer solar cells are 1.8 -2.7%. [11] [12] [13] We have reported the synthesis and characterization of novel TIDG-containing copolymers, where their p-type properties were revealed by filed-effect transistor 23) and organic photovoltaics. 24) The deep LUMOs of TIDG copolymers at -3.8 eV are realized thanks to its unprecedented electron withdrawing nature. This motivates us to use the TIDG copolymers as n-type polymer in OPV because their LUMO levels were located in between LUMOs of P3HT (-2.7 eV) 25) and PCBM (-4.0 ~ -4.2 eV). 26, 27) The raised LUMO of the copolymers compared to PCBM can lead to improved open circuit voltage (V oc ) in the bulk heterojunction (BHJ) with P3HT.
Among the reported TIDG-based copolymers (benzodithiophene, cychlopentadithiophene, and fluorene), fluorene-alt-TIDG copolymer (PFTIDG) as shown in Figure 1 (a) was focused, since its HOMO (-5.4 eV) 23) is deep enough to prevent undesired hole transfer from HOMO of P3HT (-4.8 eV). 25) Furthermore, electronic absorption spectra of P3HT and PFTIDG are in the excellent complementary relationship (Figure 1(b) ). Prior to device fabrications, we performed a laser and Xe-flash time-resolved microwave conductivity (TRMC) [28] [29] [30] measurements of PFTIDG: P3HT blends, which tells us about the best p/n blend ratio and thermal annealing effects.
Experimental
PFTIDG was synthesized in the same way with our latest report.
23) The weight and number-averaged molecular weights were 4.5 × 10 4 and 2.3 × 10 4 g mol -1 , respectively. Details of the laser-flash 28, 29) and Xe-flash TRMC 30) (X-band, 9.1 GHz) were reported previously. The 500 and 680 nm laser pulses from a nanosecond Nd:YAG/OPO laser were used as an excitation and the energy density was set at 2.5 mJ cm OPV devices were fabricated according to the previous reports.
29 ) The device configuration was ITO (120-160 nm)/PEDOT:PSS (45-60 nm)/active layer (ca. 100 nm)/Ca (10 nm)/Al (80 nm) with an active area of 7.1 mm 2 . Current-voltage (J-V) curves were measured using a source-measure unit (ADCMT Corp., 6241A) under AM 1.5 G solar illumination at 100 mW cm -2 (1 sun) using a 300 W solar simulator (SAN-EI Corp., XES-301S).
Results and discussion
The molecular weight of the repeating units in PFTIDG is 885 g mol -1 , leading to an estimate of molar extinction coefficient () of PFTIDG at the electronic absorption maximum of 745 nm as 5.2 × 10 4 M -1 cm -1 per a repeating unit. The constant observed for PCBM, as a typical n-type material, is less than 10 3 M -1 cm -1 in the range of 700 ~ 800 nm, suggesting not only the complementary features of the electronic absorption spectrum of PFTIDG to cover the solar spectrum in combination with P3HT but also advantageous to effective harvesting of solar energy in substitution of PCBM and fullerene derivatives. Oscillator strength of the NIR absorption band is also calculated in relation to  as follows 31) ; -1 cm -1 per a repeating unit, respectively 32) .) Highly planar structure of the steady-state TIDG moiety was predicted by DFT calculations, as well as symmetric HOMO and LUMO orbitals extended over TIDG and fluorene units 23) . This is the case giving the relatively high value of f for the lowest energy transition in PFTIDG.
On the basis of the quantitative analysis of the optical transitions for respective counterparts of PFTIDG and P3HT, the blend film of the polymers were prepared as models of active layers in OPVs and examined by TRMC measurements. Figure 2 plots the transient photoconductivity maxima ( max ) of P3HT: PFTIDG films observed by Xe-flash TRMC at different annealing temperatures for 10 min. Apparently the annealing at both 120 and 160 o C gives a considerable increase in  max , and the highest  max was observed at P3HT = 40 ~ 60 wt% irrespective of the thermal annealing. At the optimized concentration, the value of  max becomes 2-fold after thermal annealing at 160 o C in comparison to that without thermal treatment. This suggests that the formation of appropriate BHJ network and enhanced intermolecular -stacking of the polymers were promoted upon thermal annealing. Probably, P3HT and PFTIDG were homogenously mixed just after casting which cannot provide efficient charge transport pathway. The benefit of thermal annealing has been also mentioned in other polymer:polymer solar cells. 11, 12, 17) From the process screening results by Xe-flash TRMC, we expected the best PCE is obtained at p/n blend ratio of 1:1 with thermal annealing.
Xe-flash TRMC provides overall optoelectronic property of BHJ film including spectrum match with the sunlight, charge carrier generation efficiency, local charge carrier mobility, and its lifetime, which correlates well with the device performance. 30) To gain access to information about charge carrier lifetime and difference in the initial exciton formation in either P3HT or PFTIDG domains, the laser-flash TRMC experiments under the excitations at 500 and 680 nm were conducted. Figures 3(a) and (b) show the  max dependence as a function of P3HT fraction. The 500 nm excitation, attributed mainly to P3HT absorption, gave the almost similar trend with Xe-flash TRMC. One of the reasons is that 500 nm is the main component of white light pulse. However, the annealing effect did not make a significant change in  max of laser-flash TRMC, in contrast to the results found in Xe-flash TRMC. This is suggestive of the increased lifetime of charge carrier by thermal annealing, which mediates phase separation between P3HT and PFTIDG and facilitates the formation of long-lived charge carriers.
At 680 nm which excites predominantly PFTIDG rather than P3HT, the peak position of  max of laser-flash TRMC were shifted towards higher content of P3HT of around 80 ~ 90 wt%. This indicates that exciton formed in PFTIDG domain cannot efficiently migrate to the p/n interface and generate charge separated states. In other words, exciton diffusion length in PFTIDG is shorter than that in P3HT, as a result of short exciton lifetime and/or small diffusion constant. The steric hindrance exerted by the alkyl chains at 9-position of the fluorene, which occupies orthogonal to the polymer -plane is not advantageous for intermolecular exciton migration as well as charge transport. 23) This is also evident from the amorphous nature observed in X-ray diffraction (XRD) spectrum 24) and moderate field-effect transistor (FET) hole mobility (1.1 × 10 -3 cm 2 V -1 s -1 ). 23) In addition, these results implies the overall TRMC signals are originated from the hole mobility of P3HT 33) rather than electron mobility in PFTIDG. The impact of thermal annealing was similar to the 500 nm excitation, reinforcing our presumption on the primary annealing effect on the long-lived charge carriers.
According to the Xe-flash TRMC results, we prepared P3HT:PFTIDG = 1:1 (w/w) devices from a chloroform solution, and examined the effects of thermal annealing. The best PCE was 0.06% (short circuit current density, J sc = 0. The AFM topography and phase images of a blend film of P3HT and PFTIDG employed as an active layer in the optimized OPV device structures are shown in Figure 4 . P3HT and PFTIDG are most likely mixed homogenously without forming large respective domains. Despite an appropriate BHJ formation, the obtained PCE of the OPV device (0.06%) is considerably lower than the highest value of polymer:polymer solar cells (~ 2.7%). 12 ) TRMC experiments highlight much larger  max at the best p/n blend ratio than those of pristine P3HT or PFTIDG. Therefore, exciton formed in P3HT domain efficiently migrated to the p/n interface, giving rise to the total number of charge separated species. Therefore, the low electron mobility in PFTIDG domains might be responsible for the low PCE. The LUMO of PFTIDG is localized relatively on the TIDG unit. 23) This situation hampers the effective intermolecular overlap of LUMO as well as the intramolecular hopping between TIDG units. Further elongation of TIDG blocks in the backbone may provide the boosting of electron mobility, leading to the higher PCE in the present system. TIDG-based copolymers have just made its debut on the research field of organic electronics, and thus a variety of molecular designing is left towards the improvement of PCE of all-polymer solar cells based on the electron-accepting TIDG unit.
Conclusion
We investigated all-polymer photovoltaic cells using P3HT as p-type and PFTIDG as n-type polymers. Xe-flash TRMC revealed the best p/n blend ratio lies at around 1:1 and thermal annealing enhances the optoelectronic properties, arisen from the improvements in p/n phase separation and intermolecular -stacking. In combination with the results of laser-flash TRMC excited at 500 and 680 nm, the thermal annealing was found to extend the charge carrier lifetime. The OPV device showed PCE of 0.06% with a high V oc of 0.92 V in contrast to the low J sc and FF. The device results are in good agreement with the Xe-flash TRMC evaluations. The low performance is probably due to the low electron mobility in PFTIDG phases, rationalized by its amorphous nature and localized LUMO on TIDG unit. TIDG-based copolymers just on their debut still have a large possibility of chemical modifications, which could tune up their optical and electrical properties. 
